Abstract: Graft modification of polylactic acid (PLA) with acrylic acid (AA) using double initiators was studied. The composition of the graft copolymer (PLA-AA) was characterized with Fourier transform infrared (FTIR) spectroscopy and introduction of AA was demonstrated. Differential scanning calorimetry (DSC) analysis indicated that due to the increasing graft efficacy the modified PLA had better interfacial adhesion with starch compared to neat PLA. Fracture surfaces of starch/PLA and starch/PLA-AA were observed using scanning electron microscope (SEM) and the results also demonstrated the better interfacial adhesion of the latter composite. Graft modification of PLA matrix and introduction of starch played important roles in enhancing the mechanical properties (strength and modulus) while remaining good degradability of the composite.
Introduction
Development in advanced technology in the field of polymers, especially petrochemical polymers, has brought many advantages to mankind (Yew et al. [1] ). Nonetheless, the ecosystems are now considerably polluted and are slowly being damaged predominantly due to two major reasons: firstly environmental concerns. As these conventional synthetic polymers are not easily degraded because of their high molecular mass and hydrophobic character, they may accumulate in the environment and represent a significant source of environmental pollution potentially harming wildlife. Environmental pollution caused by these plastic waste disposals is becoming a serious problem world-wide. Secondly the realization that our petroleum resources are being exhausted as a result of the usage of non-degradable materials in disposable items, would lead to an expected rise in the cost of petroleum based commodities in the next decades (Kunioka et al. [2] ; Nugroho et al. [3] ; Wu et al. [4] ; Li et al. [5] ). To resolve the problems outlined above research in biodegradable and bioresorbable polymers has received an increasing amount of attention and considerable efforts have gone into the development of degradable polymers, polymer blends and composites over the last two decades (Feng, et al. [6] ; Jarerat et al. [7] ; Shibata, et al. [8] ; Kale et al. [9] ). The development of degradable plastics can play a crucial role in helping to solve the waste disposal problems (Ishiaku et al. [10] ).
Degradable plastics have properties similar to normal plastics, without causing environmental burden because they will decompose into CO 2 , H 2 O, and other harmless remaining ingredients when disposed (Chen et al. [11] ). Recently, the production amounts of degradable plastics sold in the market are gradually increasing (Kunioka et al. [2] ). The most popular and important degradable polymers are aliphatic polyesters, especially polylactic acid (PLA). PLA is a promising degradable thermoplastic polymer with excellent mechanical properties which are in many ways similar to that of poly(ethylene terephthalate) and has become the main product because of its biodegradability, hydrodegradability and the biorenewable profile which is beginning to be produced on a large scale from fermentation of corn to lactic acid and subsequent chemical polymerization (Hakkarainen [12] ; Drumright et al. [13] ). Considering the environmental impact, it is of great significance to study the degradability of PLA. The utility of PLA-based materials in the biomedical fields and packaging industries has generated a vast amount of interest within the scientific community and currently there is an increasing interest in using PLA for degradable materials (Jarerat et al. [14] ; Gopferrich [15] ; Ohkita et al. [16] ). PLA is expected to be used widely since its production has expanded annually, and its costs have tended to decrease rapidly.
Biocomposites with natural resource fillers have become a major part of the degradable plastics industry, because natural resource fillers are abundant, inexpensive, readily available, renewable, and fully biodegradable (Nishino et al. [17] ; Kozlowska et al. [18] ; Preechawong et al. [19] ). PLA and starch are two of the most promising bio-based materials currently available on the market. Starch can provide excellent degradation properties to the final composite. Hence combination of the two materials is of great significance to produce composites with good mechanical performance, controllable degradability and low cost (Nishino et al. [17] ; Ke et al. [20] ; Lee et al. [21] ). They can be widely used in plastic packaging, such as retail bags and bottles, disposable cups, containers and agricultural mulch films.
It is well known that the overall performances of composites are greatly dependant on the interface(s) between the components. Improvement of interfacial adhesion is critical to produce composites with satisfactory characters which combine the excellent properties of each phase. In our contribution PLA and starch were applied as the two components of the biocomposite. A third component, acrylic acid (AA), was introduced to act as the bridge between the two phases in order to increase the interfacial adhesion and thus ensure the desired properties of the resultant composites. Double initiators were introduced to accomplish the graft polymerization and increase the grafting degree. Water absorption and weight loss of the modified PLA (i.e. PLA-AA) were investigated in detail. Starch incorporated PLA-AA (starch/PLA-AA composite) was prepared and the degradation properties and bending strength/modulus of the composite were studied.
Results and discussion

Graft polymerization of PLA and AA
The intrinsic viscosity of PLA increases when the PLA granules melt due to temperature increase. When the temperature reaches the melting point, the viscosity would reach its maximum followed by a decrease with temperature due to the increase in flow index. The change of the viscosity can be reflected by the variation of the torque during the process (Fig. 1a) . However when graft polymerization occur the molecular weight and thus the viscosity of the melt would increase compared to those of neat PLA. When BPO or DCP was used as the single initiator, graft polymerization occurs at different temperatures due to the different decomposition temperatures of the initiators. The torque peaks caused by polymerization appeared after 11.5 min and 13 min, respectively ( Fig. 1b and Fig. 1c ). Graft reactions between AA and PLA occurred according to the equation shown below and thus caused the viscosity of the melt to increase. Here we applied a strategy of double initiators. Both BPO and DCP were added into AA and the mixture was charged into the chamber. From Fig. 1d we clearly see that two peaks occurred within 15 min. Graft polymerization time was 4.3 min, 3.3 min and 6.5 min when using BPO, DCP and both as initiator. It indicated that the graft polymerization time was prolonged and this would evidently increase the grafting efficacy of the resultant copolymer. where R refers to an initiator.
ATR-FTIR spectroscopy was applied to investigate the grafting of AA onto PLA. The FTIR spectra of neat PLA and PLA-AA are shown in Fig. 2 . It can be seen that all the characteristic peaks of PLA at 1750-1700 cm -1 and 1500-800 cm -1 appeared in both polymers (Shogren et al. [22] ). In particular, the peak at 1747 cm -1 is attributed to the stretch vibration of carbonyl -C=O. Peaks at 1459, 1387, and 1363 cm -1 are assigned to the bending vibration of C-H (1470-1350 cm -1 ). Those peaks falling into the range from 1260 cm -1 to 1000 cm -1 (1260, 1215, 1188, 1135, 1090, and 1050 cm -1 ) are characteristic of the stretch vibration of ether structure C-O-C. However an additional shoulder peak was observed for the modified PLA at 1708 cm -1 , which was assigned to -C=O of free acid. As mentioned in the experimental section, the samples were extracted thoroughly and no physical adsorption of AA existed. So it is believed that the peak at 1708 cm -1 was attributed to the carboxyl groups of AA grafted onto the backbone of PLA. Relationship between water uptake and soaking time is shown in Fig. 3A . As it is known PLA is hydrophobic and water uptake was not noticeable even after soaking in water for 6 weeks (Fig. 3Aa ). After grafting with AA, PLA was inclined to absorb water due to the introduction of hydrophilic acid side chains. There was an obvious water absorption in the first week (about 3.7 %, Fig. 3Ab ). The increase in hydrophilicity of the modified PLA made water molecules readily enter the spaces between PLA-AA chains. As a result, water uptake increased compared to that of neat PLA, making a possibility for PLA chains to hydrolyze (degrade). It is clearly seen from Fig. 3B that weight loss for the grafted version is much more than that of pure PLA. This is reasonable because PLA did not absorb water and hardly any hydrolysis occurred. After grafting, the hydrophilicity of the product increased and water uptake increased correspondingly. We suppose that the weight loss might be caused by the leach out of free molecules in the composite and release of small molecules produced by hydrolysis. The higher rate of weight loss in the first three weeks was mainly due to the leach out of any free components such as low molecular side products during the graft polymerization.
Interfacial effect of the AA-grafted PLA with starch
Differential scanning calorimetry (DSC) was used to study the thermal properties of the materials. DSC of different materials is presented in Fig. 4 . It is seen a melting peak for starch/PLA composite appeared at 154 0 C (Fig. 4b) , which corresponded to the melting point of pure PLA (Fig. 4a) since the starch has no effect on the thermal behavior of pure PLA (Jacobsen et al. [23] ). It indicates that PLA and starch were two separating phases in the blend. However for starch/PLA-AA composite, the peak at We drew a conclusion that the graft modification increased not only the hydrophilicity of the matrix but also the interfacial adhesion between PLA-AA and starch.
The morphological changes at the fracture of the composites due to the graft modification of PLA were also visualized by SEM micrographs of specimens. From SEM images we see that most of the fracture of starch/PLA composite occurred at the interface (Fig. 5A) . The starch particles acted as a stress concentrator in the composite and this led to cracks along the interface within lower strain. At the fracture section it appeared evident that two phases were present. The surfaces of the starch particles were smooth and clean, and no adhesion of PLA was observed. It indicates that the interfacial adhesion between the two phases was poor. However when the grafted PLA was used as the matrix of the composite, the fracture section exhibited a different feature. The grafted PLA adhered to the surfaces of starch particles after fracture, as pointed with the white arrows in Fig. 5B . The morphology of broken PLA at the interface exhibited a typical tensile rupture feature, which indicated that the polymer matrix had endured considerable interfacial stress. It implies that a strong interfacial adhesion could be obtained by graft modification of PLA with AA. The bridging function of AA between starch and PLA was thus confirmed. Additionally, the better interfacial adhesion would evidently improve the mechanical properties of the composite. 
Properties of the starch/PLA-AA composite
It is known that an important limitation of PLA is lack of hydrophilic function groups in their structure to control the degradation processes. The hydrophobicity hinders its degradation since water absorption is the first step of degradation. Water uptake of starch/PLA and starch/PLA-AA composites is shown in Fig. 6 , with that of pure PLA as control. We can see that with addition of starch, water uptake increased obviously for all composites. The higher the starch content, the higher the water uptake. This is reasonable since starch is a hydrophilic material and addition of starch into PLA makes the composites readily absorb water molecules. From Fig. 6 three stages of water uptake were observed: an initial sharp increase, relative equilibrium followed by a decrease. From the above study and results shown in Fig. 3a we know that the increase of water uptake was caused by two factors, the introduction of AA (i.e. the graft modification of PLA) and incorporation of starch.
From the above study we see that hydrodegradation of PLA can be well tailored by introducing hydrophilic components into PLA backbone and natural resource fillers into the polymer. Starch/PLA-AA composite has better degradability than that of pure PLA. Decrease of water uptake of the composites after 2 weeks was caused by the leach of starch into the water. Hence the term of water uptake here is better described as weight gain. From the three pairs of curves we concluded that the incorporation of starch had more significant influence on the weight gain of the composites compared to graft modification at the initial stage. More starch leached out of pure PLA than from grafted PLA with time due to poor interfacial adhesion as revealed by SEM observation and hence weight gain decreased largely. Herein we studied the bending strength (Fig. 7A ) and bending modulus (Fig. 7B ) of pure PLA and its composites. It is seen that incorporation of starch into pure PLA decreased the bending strength of the composite due to the poor interaction between the hydrophilic starch and hydrophobic PLA. Hence it is reasonable that the strength decreased more with increasing starch content in the composites. However after graft modification, the polymer matrix had higher interfacial strength with starch and the better adhesion would facilitate the stress transfer between the two components to compensate the decrease of the strength. Unlike the strength of starch/PLA composite, which was substantially lower, the strength of the starch/PLA-AA composite only slightly changed compared to that of pure PLA. It in turn permits the design of the grafted PLA composites to change the starch contents without remarkable loss of mechanical properties.
The modulus of starch is higher than that of PLA and thus the overall modulus of the composites increased, as shown in Fig. 7B . With higher interfacial adhesive strength, the elastic distortion of PLA matrix can be restricted and the modulus improvement of the starch/PLA-AA was significant. We drew a conclusion that two important factors had influence on the mechanical properties of the resultant composites: the filler's mechanical properties (strength, modulus etc.) and the interfacial adhesion of the two components in the composites.
Conclusions
Degradable polymer of PLA was modified by graft polymerization with AA. Torque variation demonstrated that the application of double initiator increased the grafting degree. DSC analysis and SEM observation confirmed the better interfacial adhesion between starch and PLA-AA, which is the critical factor influencing the properties of composites. The higher interfacial adhesive strength facilitated the improvement of the mechanical properties of the starch/PLA-AA composite. Both graft polymerization with AA and incorporation of starch had important effect on the hydrodegradation properties of the final composite. Combination of PLA-AA and starch is of great significance to produce composites with good mechanical properties and better degradability.
Experimental part
Materials
PLA (in the form of granules) with an average molecular weight of M w = 120000 was supplied by Cargill-Dow Inc, USA. Acrylic acid (AA) and initiators for graft polymerization, benzoyl peroxide (BPO) and dicumyl peroxide (DCP) were obtained from Aldrich. All other routine chemicals were purchased from Aldrich Chemical Corp. The starch used was a corn starch, containing approximately 75% amylopectin and 25% amylase.
Graft polymerization of PLA with AA
Graft polymerization of PLA with AA was performed in a Thermo Haake mixer (Polylab System, Germany). The PLA granules were put into the Haake mixer and heated. The temperature was set at 110 0 C and the rotor speed was 60 rpm. However the final temperature could rise to 140-150 0 C due to the friction of the melt. 0.2% BPO and/or 0.2% (wt%) DCP was dissolved in 10% (wt%) AA. The mixture was added into the chamber and graft polymerization was thus performed. After polymerization the product (PLA-AA) was removed from the Haake mixer and granulated for subsequent preparation of the composite.
The chemical composition of pure PLA and grafted PLA was characterized using FTIR (Bruker IFS 66, Germany) by ATR method with scan number of 20 and resolution of 0.5 cm -1 . The film thickness was ~1 mm and all samples were cut into square pieces. The grafted sample was purified prior to FTIR characterization as follows. 4 g of the grafted sample was dissolved in 200 mL of THF, precipitated in 2000 mL water, and then filtered. The precipitate in the filtrate was washed adequately to remove any unreacted AA, using cold water for each extraction.
Incorporation of starch into PLA-AA-starch/PLA-AA composite
The composites were prepared by using the same Thermo Haake under the conditions that the rotor speed, heating time and temperature were maintained at 60 rpm, 30 min and 160 0 C, respectively. PLA/AA and starch were dried in an oven at 80 0 C for 8 h prior to blending. The two materials with different ratio were mixed homogeneously and heated in the Haake mixer. After blending, the composite material was removed from the mixer, granulated and mold-pressed with a hot press at 170 
